The goal of this work is to demonstrate the feasibility of using a diagnostic ultrasound system (Siemens Antares TM and CH6-2 curvilinear array) to ablate ex vivo liver with a custom M-mode se quence and monitor the resulting tissue stiffening with 2-D Acoustic Radiation Force Impulse (ARFI) imaging. Images were taken before and after ablation, as well as in 5-s intervals during the ablation sequence in order to monitor the ablation lesion formation temporally. Ablation lesions were generated at depths up to 1.5 cm from the surface of the liver and were not visible in B-mode. ARFI images showed liver stiffening with heating that cor re sponded to discolored regions in gross pathology. As expected, the con trast of ablation lesions in ARFI images is observed to increase with ablation lesion size. This study demonstrated the ability of a diagnostic system using custom beam sequences to localize an ablation site, heat the site to the point of irreversible damage and monitor the formation of the ablation lesion with ARFI imaging. All rights of re pro duc tion in any form re served. UL TRA SONIC IM AG ING 33, 217-232 (2011) 
INTRODUCTION
Localization and treatment monitoring during high-intensity focused ultrasound (HIFU) ther apy is of key significance for successful clinical implementation. Exact registration between images of the region requiring therapy and the administration of HIFU is of vast importance to avoid or to minimize complications, such as skin burns, nerve fiber damage, and local pain. 1 Reducing or eliminating damage to surrounding tissue is essential to patient comfort and the wide-spread ac cep tance of HIFU as an alternative to surgery, radiofrequency (rf) ablation, etc. 2 As a result, automatically co-registered visualization of HIFU ablation using the same ultrasound transducer for imaging and therapy would be immensely use ful and re duce costs. However, ablation lesions are not, in general, well visualized by conventional ultrasound B-mode imaging. Most clinical HIFU trials use magnetic reso nance (MR) imaging and/or temperature monitoring in their treatment plans. 1, [3] [4] [5] [6] [7] MR imaging and temperature monitoring provides information sensitive to tumor margins and thermal dose; however, it is very expensive and requires specialized, integrated systems. Thus, an ultrasonic visualization method would be ideal be cause of the automatic co-registration and real-time visualization, if comparable localization and monitoring were possible.
Liver was determined to be a practical target organ for demonstrating the feasibility of intrasurgical spot ablations and developing an assay for optimizing ARFI visualization of HIFU ablation lesions with our diagnostic system. The temperature rise in a given tissue can be estimated using the bio-heat transfer equation, with the rate of heating in tissue due to sonication being proportional to the absorption and the acoustic intensity. 8 Using the thermal con ductivity, specific heat and attenuation for different tissue types, 9 the temperature rise in liver was determined to reach a maximum near the center frequency of the diagnostic, abdominal transducer used for our experiments (CH6-2, Siemens Medical Solutions USA, Inc., Issaquah, WA, USA). Looking forward with these studies, the liver is a clinicallysignificant organ to target, with an estimated 24,120 new cases of liver and intrahepatic bile duct cancer in the United States in 2010. 10 A diagnostic system could potentially provide HIFU ther apy to stage I (one tumor that has not spread to nearby blood vessels) and possibly stage II (one tumor having spread to nearby vessels or more than one tumor with none larger than 5 cm) liver can cers intraoperatively. 11 Taking depth limitations into account, this system would be most effective as a semi-invasive, intraoperative alternative (compared to alcohol injections or rf ablations) for small, nonresectable hepatocellular tumors and for some types of metastatic liver can cers. The benefit of HIFU ther apy for the treatment of liver cancer has been demonstrated by Wu et al., 1 where concentric ultrasound imaging and therapy transducers were used for image guidance and ablation of hepatocellular carcinomas, showing the effectiveness, safety and feasibility of HIFU for this application.
Accurate localization and monitoring of HIFU treatment is essential to improving the efficacy of the treatment and reducing side effects. In some clinical studies, ultrasound alone has been used for treatment planning and monitoring. 12 B-mode images detect vapor bubbles and stable cav i ta tion induced by HIFU but can miss inertial cavitation, 13, 14 which can lead to overtreatment. Several imaging techniques used to determine the mechanical properties of tissue, many ultrasonically based, have shown promise for monitoring thermally-induced lesions, such as those created with HIFU, without requiring boiling or cavitation. These techniques have shown promise in several tissue types, such as muscle, breast, liver and cardiac tissue. [15] [16] [17] [18] [19] Fatemi and Greenleaf developed an ultrasound-stimulated acoustic emission (USAE) technique, termed vibro-acoustography, whereby two ultrasound beams at slightly different frequencies are fo cused confocally to create a fluctuating energy density de tected by a hydrophone and related to mechanical properties of tissue. 20 Tissue stiffness variations with temperature and the onset of thermal coagulative necrosis have been monitored with USAE. 21 By inducing a periodic radiation force in tissue, it has been shown that an oscillatory motion can be generated and monitored along a single axial rf line using localized harmonic motion (LHM) imaging. 15, 22 Using this method or an amplitude -modulated variation to monitor HIFU, 23 significantly re duced tissue motion was observed as a lesion formed. 15 This observation is consistent with magnetic res o nance elastography (MRE) results showing an increase in stiffness as irreversible tissue changes occur with heating. 24 Super Sonic Imaging 16 and Acoustic Radiation Force Impulse (ARFI) imaging have also shown stiffening during HIFU lesion formation 17 and rf ablation. 18, 19, 25 Liu and Ebbini have monitored displacements in response to pulsed sub-therapeutic HIFU beams at high pulse repetition frequencies (PRFs) and evaluated the temperature and/or viscoelastic re sponses with speckle tracking. 26 Others have used heat-induced echo strain imaging to depict temperature rise, tissue expansion and changes in speed of sound during heating. 27, 28 Elasticity imaging techniques using external compression 29 or invasive rf ablation probes 30 to induce displacements have also successfully monitored ablations. In this paper, ARFI imaging is utilized for localization and thermal ablation monitoring. ARFI imaging is briefly described below; for a detailed description of ARFI imaging methods, the reader is referred to Nightingale et al. 31 ARFI imaging utilizes focused acoustic radiation force to mechanically excite tissue and conventional ultrasonic correlation-based methods to monitor tissue re sponse. In each lateral interrogation location, an ARFI ensemble includes a reference A-line, followed by a focused pushing beam that creates appreciable radiation force throughout the depth of field of the fo cused beam, followed by a series of tracking A-lines that are re peat edly transmitted along the push beam central axis at a relatively high repetition rate. The displacement re sponse varies with depth as a function of both the applied radiation force and the underlying tissue stiffness and high resolution tracking can be performed with overlapping small axial kernels to achieve depth resolution comparable to that of B-mode. When the structure of interest is larger than the push beam, as exhibited in most of the ablation lesions discussed herein, the ARFI image has better contrast. 31 The ARFI beam ensemble is re peated over several lateral locations by electronically translating the lateral beam location to interrogate an entire 2D field of view, as with conventional B-mode ultrasound imaging. There fore, in the re sult ing 2D ARFI im age (depth vs. lat eral po si tion), the tis sue displacement is portrayed with high resolution both in the depth and lateral directions. 32 The depth-de pend ent dis place ment pro file, com puted as the mean dis place ment over mul ti ple lat eral lo ca tions in a ho mo ge neous re gion of tis sue (ad jacent unablated re gions of liver herein), is used to nor mal ize for depth and fo cal-gain de pendent vari a tions in the ap plied ra di a tion force. In these nor mal ized ARFI im ages, more com pliant tis sues that dis place far ther ap pear brighter and stiffer tis sues that dis place less ap pear darker. This displacement measurement will also be impacted by changes in attenuation. A linear increase in attenuation in the near-field to the displacement measurement would exponentially de crease the intensity reaching the depth of interest and, thus, decrease the radiation force and displacement seen at depth. Counteracting this is the fact that a linear increase in absorption at depth would increase the force and displacement. After correcting for these effects, a qualitative image of relative stiffness can be obtained. In in vivo sce nar ios, het er o ge ne ity in the tis sue may lead to im proper nor mal iza tion pro files and, thus, mis in terpre ta tion of the im age data. In this case, an al ter na tive nor mal iza tion method could be employed, whereby an ARFI im age of the re gion taken be fore ab la tion is used to nor mal ize the im ages taken af ter the on set of heat ing.
We en vi sion an ultrasound system that could perform HIFU therapy and provide automatically co-registered imaging feedback through the use of ARFI imaging. This would provide a low-cost alternative with high-quality monitoring capabilities for HIFU treatments. The goal of this work was to demonstrate the feasibility of using a diagnostic ultrasound system to perform spot ablations in liver with interleaved ARFI displacement imaging in order to monitor lesion formation.
METH ODS

Experimen tal design
Prior to the experiment, a fresh piece of bovine liver was acquired, stored in a refrigerator and used within five days of delivery from the butcher. A sample of liver (approximately the size of a fist, 10 x 8 x 5 cm (lateral x elevation x axial)) was de gassed in a vacuum chamber for at least two hours (not in liquid). The liver was then removed and vacuum sealed in a plastic and nylon bag (FoodSaver ® , Jarden Corporation, Wichita, KS) with a 3M TM Tegaderm TM (St. Paul, MN, USA) acoustic window in direct contact with the top of the tissue. The liver was affixed to a rigid support with sound-ab sorbing rubber (Sorbothane Incorporated, Kent, OH, USA) directly un der neath the liver sample ( Fig. 1 ). The sample was then placed in a tank of degassed water that was continuously maintained at a temperature of 35.5±0.5°C (to simulate body tem perature). B-mode imaging was employed to visually en sure that the Tegaderm TM was well coupled to the liver surface by checking for adequate SNR in the liver and the absence of reflections from air gaps. The sealed bag served to prevent the liver from softening or discoloring when submerged in water at body temperature. The transducer was placed in a cool (room temperature, ~25°C or less) waterbath with an acoustic window through which imaging and therapy occurred, which was then coupled to the surface of the heated water. The transducer was submerged in the cool water bath in order to prevent overheating. During periods of no insonification, a custom-built filtration, degassing and cooling system circu lated the water around the transducer. With this setup ( Fig. 1 ), extended-duration heating sequences (1100-1283 W/cm 2 , 25 cycles, 11.3 kHz PRF, 4.44 MHz transmit, 60-120 s duration (stopstart) per heating location (subsequently referred to as an elementary spot)) were evaluated with interspersed ARFI image monitoring. While the range of I sppa s is consistent with those typically used in HIFU, the 6% duty cycle, nec es sary to preserve the integrity of the transducer, results in low temporal average intensities and, thus, requires longer insoni fication durations. Sufficiently degassed locations with no observable air bubbles in B-mode and ARFI images were selected for heating; images were recorded before, during and after heating.
Trans ducer and imaging system
A commercially-available diagnostic curvilinear transducer ar ray (CH6-2) was driven by a modified Siemens SONOLINE TM Antares ultrasound system to perform HIFU ablation and ARFI imaging in this study. The CH6-2 is typically used for abdominal imaging and has a center frequency of 4.4 MHz. It consists of an array of 192 elements that are 0.3 mm wide (lateral) x 1.2 mm tall (elevation). This transducer has a fixed fo cus of 6.9 cm in elevation (F/5.75) and can be dynamically focused electronically in azimuth (5 cm fo cus used herein). This trans ducer was cho sen for its rel a tively higher power out put ca pa bil i ties com pared to other avail able di ag nos tic trans duc ers in our lab o ra tory. By tak ing into ac count the trade-off be tween the ex po nen tial nearfield at ten u a tion losses in the tis sue as well as the lin ear increase in heat with in creas ing tis sue ab sorp tion, the cen ter fre quency of this trans ducer was also op ti mal in terms of max i miz ing the tem per a ture rise at the fo cal spot. The modifications to the Antares were strictly done in software to create custom beam sequences; no hardware modifications were necessary. The experimen tal design also employed a 3.5 to 4.5 cm room temperature water path standoff, both in or der to avoid near-field loss of acoustic energy and to provide a passive heat-sink for the transducer array.
HIFU pulse sequence design
Due to comparable transducer and focal heating at low PRFs and nonlinear losses in water at higher system voltages, 33 HIFU sequences were developed with a high PRF and a low 220 BING ET AL
FIG. 1
Schematic of setup for HIFU testing, including cooling of the transducer (£ room temperature), heated water bath (35-36°C) for liver and mounting of liver (black sound ab sorbing rubber between liver and metal holder). Note that the bottom boundary of the cool water bath (WC) was a Tegaderm TM acoustic window. The liver was packaged in a FoodSaver ® bag with a similarly sized Tegaderm TM acoustic window on its top surface. system voltage. Thermocouple measurements (as described below) in liver were performed to determine the optimal parameters for a 20-60 s sequence in order to maximize heating using this system. All trial M-mode sequences transmitted 4.44 MHz sinusoidal pulses focused at 5 cm with an F/1.5 configuration in the lateral direction and a 4.5 cm water-path standoff. Pulse durations between 5.6 and 9.0 µs, PRFs between 7.1 and 12.8 kHz and I sppa s between 958 and 1283 W/cm 2 were evaluated. (Throughout this document, I sppa s are reported as measured in water, nonderated, unless otherwise specified.) The optimal parameters for our configuration were determined to be 5.6 µs pulses at 11.3 kHz transmitted at 1100-1283 W/cm 2 I sppa in or der to maximize tissue heating without damaging the transducer. The resulting 6.4% duty cycle used for performing HIFU with a diagnostic transducer is much lower than the 50-100% duty cycle typically seen with traditional HIFU devices, 15, 28, [34] [35] [36] [37] [38] although others have employed lower duty cycles in the range of 6.25% to 50% for all or a portion of the HIFU treatment. 13, 39 ARFI sequence design ARFI image sequences using the parameters shown in table 1 were used. Beamformed rf data was obtained from the Antares. Then, normalized crosscorrelation with overlapping kernels (3l kernels) was used to calculate the displacements at all spatial locations, as described by Pinton et al. 40 In this way, a 2-D ARFI image could be synthesized for any time after the high-intensity, long-duration excitation used to induce displacements in the tissue.
Gross histologic analysis
For a subset (11) of the HIFU-generated lesions, the liver sample (still enclosed within the plastic and nylon bag to prevent freezer burn) was placed in the freezer (-20°C) after ablation and imaging were completed. Freezing was performed to facilitate manual slicing of the tissue without formalin fixation, which would cause global discoloration of the tissue. After at least three hours for freezing, the samples were removed and a razor blade was used to cut sections in the lateral-axial plane (as defined by the imaging geometry) every ~3 mm in elevation until the area under the Tegaderm TM acoustic window was fully sectioned. In each section, ablated tissue was delineated from healthy tissue by visual observation of a lighter discolored region compared to the surrounding tissue. A digital photograph of each section was taken with a scale bar and the discolored region (lesion) was semi-automatically outlined in the image, as described below, to calculate the spatial extent of the lesion (Figs. 2c, d ).
Image analysis
In order to provide outlines of the lesions in ARFI images and gross pathology photo graphs for shape and size comparisons, a semi-automatic segmentation routine was developed. 41 For ARFI images with focal gain compensation applied, the lesion center was as sumed to be at the 0 cm lateral and 5 cm axial as specified by the HIFU beam focus. The mean and standard deviation of the displacement in a 0.15 cm x 0.50 cm (lateral x axial) rectangle centered about the focus in the image of interest was calculated and a lesion mask was defined as any pixel with a value below this mean plus three standard deviations. (This thresh old was de ter mined by op ti miz ing the cor re la tion be tween the semi-au to matic seg men ta tion and man ual segmen ta tion on a sub set of im ages.) Morphological processing (opening and closing) was then used to remove small spurs and holes from the lesion mask caused by noise in the measurements. 41 The lesion outline was then calculated from zero-crossing edge detection of the lesion mask containing the predefined lesion center. A similar method was used for the gross pathology photographs. These images were converted to gray-scale for segmentation and the user defined the lesion center. Without exact registration between the HIFU beam axes and photograph axes (long axis of rectangle in axial direction), the region used to calculate the threshold here was defined as a square (0.05 cm x 0.05 cm). For the histology images, any pixel above the mean minus three standard deviations was assigned to the lesion mask. The subsequent steps mirrored those for the ARFI images. This thresholding routine was validated by comparing the results to several manually-assigned lesion outlines to ensure that the shape and size were similar.
In order to monitor lesion contrast through time as the lesion formed, a rectangle (covering 0.15 cm laterally and 0.5 cm axially) cen tered on the focal point was defined in each ARFI image that was obtained during the ablation sequence. The con trast of visualized lesions was computed using the relation contrast = 1-µ i /µ o , 31 where µ i is the mean ARFI image brightness inside the ablation lesion (rectangle) and µ o is the mean value in a laterally-offset rectangular region outside of the lesion, as determined by the segmented lesion extent.
Calibration and verification
Intensity measurements
Fo cal intensity measurements were performed in water with the CH6-2 transducer directly coupled to a 3-D stepper motor controlled translation stage (Newport, Irvine, CA) and positioned parallel to a calibrated membrane hydrophone (Model 804, 0.6 mm active diameter, Sonic Technologies, Wyndmoor, PA; Model HMA-0200, 0.2 mm active diameter, Onda Corporation, Sunnyvale, CA). The manufacturer quoted precision of the calibration factor for voltage to pressure conversion is ±1.0 dB for both hydrophones and was the dominant source of error in these measurements. An automated alignment protocol to find the position corre sponding to the peak pressure was performed using custom LabView (National Instruments, Austin, TX) programs written to control the translation stage and the ultrasound scanner. The pres sure waveforms were measured at the focus for a 10 cycle, 4.44 MHz, unapodized pulse, fo cused at 5 cm using F/1.5 (HIFU) and F/2 (ARFI push) lateral focal configurations. (This pulse is shorter than the actual heating and pushing pulses employed in the experiments in order to preserve the integrity of the hydrophone and prevent mechanical damage.) The spatial-peak pulse-average intensities with and without the Tegaderm TM waterbag in place were used to calculate the loss through this material.
Hydrophone measurements indicated a 2.7±0.4% loss through a 0.75±0.25 mm thick Tegaderm TM waterbag using the HIFU and ARFI excitation focal configurations herein. For a nonderated I sppa of 1283 W/cm 2 , the derated I spta at 5 mm depth in liver for the HIFU sequence (without interspersed ARFI) was 60 W/cm 2 in situ, as compared to 121-3000 W/cm 2 in situ as seen in the literature for durations from 20 s to as low as 800 ms. 17, 42 It should also be noted that intensity measurements were made to test the impact of the metal stand and absorbing rub ber (upon which the liver rested during experiments) on the intensity. Differences between the intensities mea sured with and without the stand in place were less than the error of the hydrophone calibration and were, therefore, neglected.
Thermocouple measurements
In order to determine the feasibility of achieving the thermal dose required to ablate liver tissue with our system, the focal heating through time for several custom HIFU sequences was mea sured. Fresh bovine liver samples were acquired from a butcher. A 30-gauge, hypodermic needle, type-T thermocouple (Omega Engineering, Inc., Stamford, CT, USA) was placed perpendicular to the acoustic axis at a depth of ~7 mm in bovine liver sealed in a plastic and nylon bag with a Tegaderm TM acoustic window. The liver and transducer were set up in the same man ner as during the HIFU experiments (as previously described in the experimental design section above), except the water surrounding the liver remained at room temperature in order to prevent ablation during the multiple temperature measurements. An automated alignment protocol was performed for these experiments using the stepping motor translation stage controlled by a custom LabView program to find the position corresponding to the peak temperature.
To avoid viscous heating artifacts that arise from the interaction between the acoustic field and the thermocouple, [43] [44] [45] the transducer was then repositioned so that the thermocouple was outside of the lateral beamwidth, near the sec ond null of the beam pattern. A similar method using measurements in the first null was employed and described by Holt and Roy. 46 We extended this measurement method by using the linear bio-heat transfer equation 8 to provide an estimate of the corresponding temperature rise at the center axis of the beam, understanding that complex nonlinear effects would impact the actual temperature rise. The thermal and ultrasonic liver properties used were specific heat (c v =3.4 MJ/K/m 3 ), thermal con ductivity (K=0.50 W/m/K) and ultrasonic attenuation (a=0.5 dB/cm/MHz). 9 Temperature data were recorded at a sampling rate of 1000 Hz with a Personal DAQ 3000 (Omega Engineering, Inc.). To re duce noise in the temperature data, a low-pass filter with a cutoff frequency of 1 Hz was first applied. The baseline temperature was calculated as the average of 5 s of acquisition before the onset of the ther apy sequence. The maximum temperature rise above baseline for each sequence was recorded. Three repetitions of each measurement were performed in the thermocouple readings without repositioning the thermocouple and the average and standard deviation of the three measurements were recorded.
RESULTS
A maximum temperature of 66.6°C at the fo cus (baseline = 36.0°C, 30.6°C rise) was achieved with a 1283 W/cm 2 60 s sequence with an 11.3 kHz PRF and 5.6 µs, F/1.5, unapodized pulses focused at 5 cm. The maximum temperature rise achieved when inter spersing ARFI sequences every 5 seconds was 7-8% less than that mea sured for the uninter rupted 60 s heating sequence. It should also be noted that, with the aid of the cool water bath surrounding the transducer, the face heating remained below a 17.9°C rise (45.8°C absolute) for the various HIFU sequences (varied interspersed ARFI imaging) used to create lesions herein.
A to tal of 25 ablation lesions in nine liver samples were successfully created and visualized in ARFI images with the system. These lesions were created at different depths, with varying types and durations of interspersed ARFI imaging. The intensities were between 1100-1283 W/cm 2 , with durations of between one and two minutes and with the contrast in ARFI images increasing with increasing HIFU duration.
A representative exam ple of ARFI lesion visualization is shown in figure 2 . After heating in one elementary spot for 120 s was completed, ARFI images (a, b) were com pared to a gross pathology photograph (c, d) of the lesion. Lower displacements, or darker pixels, indicate stiffening and thus lesion formation in the ARFI images while lighter colors are an indication 224 BING ET AL beam sequences for a sin gle el e men tary spot are given in ta ble 2. The area mea sure ments for each im age type are con sis tent, as in di cated by the stan dard de vi a tions in the last col umn of ta ble 2. How ever, the ar eas mea sured in the ARFI im ages are sig nif i cantly larger (p < 0.05) than those mea sured in gross pa thol ogy, in di cat ing a bias. Typical HIFU treatment regimens involve moving the transducer to ablate several different locations, or elementary spots, in order to destroy large tumors. Thus, visualization of the growth of an ablated region using multiple elementary spots was also investigated. Figure 3 shows ARFI images in the central imaging plane of a thermal lesion that appears to be growing not only in the lateral dimension (0.5 mm between cen ters of elementary spots laterally) but also toward the transducer in the axial direction with increasing numbers of elementary spot ablations. The semi-automated lesion boundaries of the stiffening with ablation are indicated by the black line. Due to the low con trast associated with individual elementary spot ablations, it is useful to compare ARFI images before and after ablation (e.g., figure 3a with 3b-e) rather than examining independent images in order to discern changes caused by ablation. Furthermore, as more spatially-overlapping elementary spots are ablated to increase the volume of ablated tissue, both the size and con trast of the observed lesion in this imaging plane increases (i.e., the lesion ap pears to stiffen). It is also noted that this protein-denatured lesion was not visible in B-mode. Even when the lesion contrast in ARFI was 0.67 (figure 3e, after heating of 21 elementary spots in a 7 x 3 (lateral x elevation) grid pattern), there was no B-mode hyperecho genicity indicative of a lesion. In fact, no evidence of lesion formation was noted in any of the B-mode images from this study.
Monitoring lesion formation as the tissue is heated, as op posed to between elementary spots, is important to avoid overexposing the tissue at the fo cus or damaging intervening tissue not in the target region. Figure 4 shows ARFI monitoring of lesion formation at 10 s intervals obtained by interspersing short ARFI image acquisitions during the 120 s of heating for a single elementary spot. The initiation of lesion formation, or apparent stiffening of the liver, is seen in figure 4f . As the lesion continues to grow with increasing ablation time (Figs. 4f-4l), the con trast and area increase. These increases are shown for five lesions at similar depths (6.8±2.2 mm) formed with the same heating regimen in figure 5 . It should be noted that jitter, or noise, in ARFI displacement estimates can lead to small fluctuations in the contrast and area measurements as determined by the automated algorithms used herein.
DISCUSSION
This work demonstrated the use of a diagnostic ultrasound system with a single transducer ar ray for interleaved imaging and ablation therapy. High-quality, high-resolution imaging of structures is an advantage of diagnostic systems, but it comes at the expense of decreases in acoustic output and greater losses in the array. We have shown that a commercial diagnostic system and a specific experimen tal design (i.e., external passive cooling with water) can be used to ablate tissue without any hardware modifications. Using our custom M-mode sequences through a waterbath, which clearly exceed the FDA limits for diagnostic ultra -sound, 47 lesions were formed in ex vivo bovine liver (preheated to near body temperature), monitored with ARFI imaging and validated with gross pathology. In order to re duce internal heating within the transducer, it was necessary to submerge the transducer (a few cm above the lens) in room temperature water and to employ a 6% duty cycle. With this simple cooling method and temporal heating design, peak tissue temperature rises were near 30°C, and ablation lesions were formed up to 1.5 cm deep in tissue. Using the same transducer elements actuated during ther apy for ARFI imaging, 2-D images of the changing stiffness in the ablated region relative to un heated tissue were used for HIFU monitoring.
ARFI imaging was shown to have superior ablation lesion monitoring capabilities to those of B-mode. While protein-denatured lesions can be seen in ARFI images, B-mode imaging provided no feedback (Fig. 3 ). According to Lizzi et al., 17 the liver would need to be overexposed to HIFU until gas eous bodies formed in order for B-mode to indicate any lesion formation. Consistent with previous work from other types of elasticity imaging of HIFU lesions in the literature, 2D ARFI imaging provides a useful tool for monitoring lesion formation, which is a low-cost alternative to MR guidance.
Despite its improvement over B-mode monitoring, challenges in determining the exact lesion size with ARFI imaging as compared to that portrayed in pathology images ( Table 2 ) may have been caused by misalignment between imaging and histological planes, the mechanics of the displacement observed through time in ARFI images, im ag ing ar ti facts and freezing. Because a single transducer is used for both ablation and ARFI imaging, the ARFI image is guaranteed to be in the ablation lesion center, which is the largest cross-section of the lesion. However, the 3 mm gross pathology slices were not likely exactly aligned with the central lesion plane. Given the relatively small sizes of the lesions, misalignment between the imaging planes in pathology and ARFI would result in differences in lesion sizes, namely a smaller area in pathology. In addition, the resolution of a lesion in an ARFI image is dictated by the dimensions of the pushing and tracking beams and the mechanical con trast of the lesion. Larger ARFI push beam cross-sections tend to average the displacements of neigh boring tissue volumes and, thus, can blur the boundaries of a stiff inclusion. Standard ARFI pushing beams, like those used herein, use a lateral fo cal configuration of F/2; however, in order to maximize heating, a tighter fo cus of F/1.5 was used for the HIFU sequence. Thus, smaller lesions, such as those in figures 2a and 3b, had lower contrast than larger ones, such as the example shown in figure 3e . In future studies, tighter fo cal configurations for the ARFI pushing beams will be examined for this application. It has also been shown that stiff inclusions have an apparent growth through time after the displacement excitation in ARFI images; thus, the ARFI images may slightly overestimate the lesion area. 48 Noise, or jitter, can also confound the lesion boundaries. The me dian fil ter ing used to re duce the noise be fore semi-au to matic seg men ta tion may have also con trib uted to slight over es ti ma tion of the le sion area. The dis place ment vari a tion within a le sion also im pacted the thresh old used for seg men ta tion of the im age. Finally, freezing the tissue to facilitate slicing may have been another source of the size discrepancy.
A specific beam geometry limitation with this system was the fixed F/# in the elevation dimension. For maximum ARFI image contrast, the cross-section of the pushing beam must be smaller than the cross-section of the structure being imaged. 31 When the same linear transducer ar ray is used for HIFU ablation and ARFI imaging, the lateral aperture can be modified electronically; however, the elevation aperture for both beams is identical. As a result, maximum con trast is not achieved unless multiple elementary spots are used to increase the size of the ablation lesion in the elevation dimension. This is evidenced by the increase in contrast as additional elementary spots are ablated in elevation, as shown in comparing figures 3b and 3c.
A 2D imaging transducer could improve the ability of ARFI to accurately resolve the size of a lesion by allowing electronic control of the beam geometry in both dimensions. Another challenge for this system was the trade-off between depth penetration and resolution. A decrease in frequency allows for greater depth penetration for heating and ARFI excitations, but at the expense of larger ARFI excitation beamwidths and, thus, coarser resolution and lower con trast. Typically, the inherently large bandwidth of a diagnostic transducer allows use of a lower frequency for ablation and ARFI pushing pulses than for conventional B-mode imaging with the same probe (i.e., pushing/ablating at 4.44 MHz and B-mode imaging at 6.67 MHz as was accomplished herein). With the transducer frequencies used herein, the system would be limited to an intraoperative scenario, where the normally deep-seated liver is already exposed. Furthermore, the propensity for delamination and other forms of diagnostic transducer failure at high power levels 49 limit the depth at which lesions may be formed with a diagnostic system. These limitations will also pose a challenge for creating lesions in vivo because liver is such a highly-perfused organ. Therefore, although lesions were successfully generated with this system in ex vivo samples, it is likely that in vivo implementations will require a modified transducer for increased acoustic output, such as those described by Zipparo et al. 50 The long duration of each elementary spot also poses a challenge clinically. With 60-120 s nec es sary for creating a lesion on the order of 0.1 cm 3 , even a relatively small tumor ablation (i.e., 65 cm 3 ) could take upwards of 11 hours to ablate. The approach described herein could be implemented with a reduced ablation time by using better transducers for heating, such as the modified diagnostic transducers described in Zipparo et al., 50 while still maintaining good ARFI image quality. It remains to be determined whether ARFI imaging would por tray the entire extent of a denatured lesion in vivo (in perfused tissues); only then could ARFI imaging used intermittently with HIFU po tentially replace MRI monitoring of such treatments. Despite the previously-mentioned potential clinical limitations, this system has a clear benefit as an assay for optimizing ARFI sequence design. By using varying numbers of elementary spots and the separation between their centers, lesions with different sizes and contrasts (e.g., figure 3 ) can be created. Keeping in mind that the size of the lesion relative to the ARFI fo cal configuration along with un derlying tissue stiffness impacts contrast, image quality from different ARFI image se quence designs can be as sessed for a variety of conditions.
CONCLUSIONS
This work has shown that a diagnostic ultrasound system with a single array transducer and a specific ex vivo experimental setup can be used for interleaved, co-registered HIFU ablation with ARFI image monitoring in ex vivo liver. This de monstration was performed at the maximum acoustic output and duty cycle possible without damaging the transducer. Thus, to re duce the time necessary to ablate larger regions or to overcome attenuation at greater depths, a more robust, diagnostic transducer may be required. However, this system has a clear benefit not only in its immediate feedback with respect to the ablation region size but also as an as say for optimizing ARFI monitoring sequences to detect HIFU lesions. Future work for this system includes optimizing the ARFI sequences and evaluation of the system in perfused liver. Hyperthermia treatments that require a lower temperature rise for longer durations may be a well-suited application for using a diagnostic transducer to perform thermal therapy.
